arfan syndrome is a genetic condition affecting connective tissue, with a prevalence of at least one per 5000. The major cause of mortality is dissection of a dilated ascending aorta, but other cardiovascular, ocular and musculoskeletal manifestations are common. 1 These include subluxation of the ocular lens, overgrowth of the long bones, and other skeletal abnormalities. Marfan syndrome is caused by mutation of the FBN1 gene on chromosome 15, which encodes fibrillin 1, a large extracellular matrix protein that provides stretch and elasticity to connective tissues and is also involved in regulating the bioavailability of transforming growth factor beta (TGFB) family members.
Clinical criteria for diagnosing Marfan syndrome were developed by an international group in 1996. 2 A guide to these 1996 criteria highlighted some of the diagnostic difficulties, including differential diagnoses such as homocystinuria, phenotypic variability within families, other conditions that share some features of Marfan syndrome and issues raised by DNA testing. 1 Revised diagnostic guidelines were released in 2010. 3 The revised criteria classified 83% of patients with a mutation in FBN1 as having Marfan syndrome, compared with 89% according to the older criteria. 4 There are a number of conditions of the connective tissue with a similar phenotype that can be confused with Marfan syndrome, and the recently published modifications of the diagnostic criteria facilitate the differentiation of Marfan syndrome from these conditions. 1 We now outline the 2010 revised criteria and how they differ from the previous criteria, as well as other developments in the understanding of Marfan syndrome.
The revised diagnostic criteria
The new criteria are outlined in Box 1, which provides a decision tree to assist in determining whether a patient has Marfan syndrome. In this modified diagnostic process, the focus has shifted from the musculoskeletal signs to the cardiovascular and ocular abnormalities. Thus, the presence of a dilated aorta plus ectopia lentis is now sufficient to give an unequivocal diagnosis of Marfan syndrome. In the previous criteria, involvement of a third system or the patient having an affected family member was also required for diagnosis. In patients with either a dilated aorta or ectopia lentis, the presence of a causal FBN1 mutation is now sufficient to make a diagnosis of Marfan syndrome.
Dilatation of the aorta is determined at the sinus of Valsalva and ascending aorta using charts of the range of normal aorta size in relation to body surface area. Measurements must be corrected for age and body size and compared with normative data using a z-score calculation. Reference graphs and z-score calculations are available. 5 In the revised criteria, skeletal, skin, lung, facial, other ocular and other cardiovascular signs have been included in a new scoring system, which resolves some difficulties encountered with the earlier criteria (Box 2). For example, the 1996 criteria included "pectus excavatum requiring surgery" as part of the major skeletal criterion. However, the requirement for surgery is frequently a personal or cosmetic decision, rather than a clinical one. In the revised criteria, any form of pectus excavatum or chest wall asymmetry is allocated one point, regardless of severity, while pectus carinatum is allocated two points since it is less common in the general population and is more frequently associated with Marfan syndrome. The assessment of upper to lower segment ratio has been simplified by providing different threshold values based on age and ethnicity. Pes planus with hindfoot deformity (medial displacement of the medial malleolus) is allocated more points than pes planus without hindfoot deformity, since the latter is frequent in the general population. Two points are allocated to dural ectasia as well as to protrusio acetabulae. For the ocular system, there is no longer a requirement to measure axial length of the globe and shape of the cornea. Myopia of more than 3 dioptres is allocated one point. Mitral valve prolapse is also allocated one point, and other cardiovascular manifestations (eg, aortic aneurysm at other sites) are no longer included.
In this new scoring system, a score of seven points is associated with a diagnosis of Marfan syndrome if there is either aortic dilatation and/or dissection, or a family history
• Marfan syndrome is a multisystem disorder of connective tissue that is inherited in an autosomal dominant fashion, and results from mutation of the FBN1 gene on human chromosome 15.
• There are a number of conditions of the connective tissue with a similar phenotype that can be confused with Marfan syndrome. Modifications of the diagnostic criteria have recently been published, facilitating the differentiation of Marfan syndrome from these conditions.
• It is still difficult to use modern genetic testing for diagnosis because Marfan syndrome can be caused by many different mutations in FBN1, a large gene with 65 coding segments, while mutations in other genes can cause overlapping phenotypes.
• Several clinical trials of drug therapy, including the antihypertensive drug losartan, are in progress.
Summary
of Marfan syndrome (Box 1). Patients who are allocated three points on initial examination should have a pelvic x-ray to check for protrusio acetabulae (two points), and if results are positive, magnetic resonance imaging (MRI) of the spine should be conducted to check for dural ectasia (two points). Patients who are allocated five points on initial examination should have MRI of the spine and/or a pelvic x-ray.
Recent developments in therapy for Marfan syndrome
There are now a number of mouse models of Marfan syndrome 6 that have been used to understand the natural history of the condition and to evaluate possible treatments. One mouse model showed the critical role of abnormal TGFB signalling in the cardiovascular and lung pathology of Marfan syndrome.
7 Fibrillin 1 appears to be involved in regulating bioavailability of TGFB family members. Mutation in FBN1 allows a higher level of active TGFB, a protein involved in immune function, cell proliferation and the epithelial-to-mesenchyme transition. TGFB receptor genes (TGFBR1 and TGFBR2) are mutated in Loeys-Dietz syndrome, a condition that shows phenotypic overlap with Marfan syndrome. 8 Recent studies of the angiotensin receptor antagonist losartan, which blocks TGFB signalling, demonstrated significant reduction in cardiovascular and lung abnormalities in a mouse FBN1 mutant strain. 9 However, losartan had no effect on the skeletal phenotype, 10 whereas the osteoporosis drug alendronate was effective in reducing these signs. Several small 1 Decision tree for diagnosing Marfan syndrome using revised criteria 3 FNB1 = gene encoding fibrillin 1. * For scoring of systemic features, see Box 2. † In the absence of ectopia lentis or a Marfan syndrome FBN1 mutation, the diagnosis of Marfan syndrome may only be made in the absence of discriminating features of Shprintzen-Goldberg syndrome, Loeys-Dietz syndrome and vascular Ehlers-Danlos syndrome, and after testing for genes encoding transforming growth factor beta receptors (TGFBR2, TGFBR1) and collagen type III alpha 1 (COL3A1) mutations, and for abnormalities of collagen biochemistry. ‡ In individuals with a family history of Marfan syndrome, the presence of the familial FBN1 mutation indicates a high risk of developing clinical evidence of Marfan syndrome. These individuals need regular monitoring, particularly for cardiovascular and ocular signs. § Ectopia lentis syndrome is diagnosed regardless of systemic score and with a novel FBN1 mutation not known to be associated with Marfan syndrome or aortic dilatation, or without FBN1 mutation. 
Conditions that may be confused with Marfan syndrome
A number of other conditions share some features with Marfan syndrome. 11 These include related cardiovascular conditions, such as various forms of familial aortic aneurysm disease, bicuspid aortic valve and Loeys-Dietz syndrome. In children, the cardiovascular and skeletal features of Marfan syndrome may not be obvious, and diagnoses of homocystinuria or Klinefelter syndrome may be considered. Applying the revised diagnostic criteria should allow most differential diagnoses to be distinguished. For example, a common diagnosis in our Marfan clinic (28 of 198 index cases) is familial aortic dilatation and/or dissection. The new criteria outlined in Box 1 clearly show that this is not Marfan syndrome unless there is concomitant ectopia lentis, a systemic score of у 7, a known FBN1 mutation or a family history of Marfan syndrome.
In addition, the range of phenotypes caused by mutations in the FBN1 gene has expanded over the last few years. 11 For example, FBN1 mutation associated with dilated cardiomyopathy and concomitant risk of sudden death has been increasingly recognised. 12 Some FBN1 mutations are associated with phenotypes that contrast with Marfan syndrome, including short stature. This shows that detection of an apparently pathogenic mutation in FBN1 does not necessarily lead to a diagnosis of Marfan syndrome.
DNA testing for Marfan syndrome
DNA testing for FBN1 mutations has been difficult because of the size of the gene (among the largest in the human genome at over 200 000 bases and 65 exons) and because there are few recurrent mutations of FBN1, so novel mutation must be identified for most families. With decreasing costs, it has become feasible to sequence DNA of the whole coding region to detect potentially pathogenic variants. New technical developments in highthroughput sequencing strategies may ultimately assist with mutation discovery. 13, 14 It is now possible to sequence the exons of all human genes in a single reaction (exome sequencing 15 ) , and this approach is being offered commercially for screening for mutations in BRCA1 and BRCA2 genes, which convey susceptibility to hereditary breast and ovarian cancer. 16 Since most mutations that result in Marfan syndrome are missense or nonsense mutations of the coding sequence, 17 exon sequencing has recently been evaluated as an efficient method for finding diseaseassociated mutations. 18 Capture of the complete FBN1 sequence, including the 5' promoter region, introns and 3' untranslated region, allowed high-throughput sequencing of the whole of the FBN1 gene so that intronic and regulatory mutations were not missed. In addition, the development and decreasing cost of RNA sequencing 19 could facilitate sequencing of FBN1 transcripts using RNA from appropriate cell types (for example fibroblasts derived from skin biopsy or aortic smooth muscle cells). RNA sequencing would also allow discovery of abnormal transcription start sites, splice variants and microRNA differences that may affect FBN1 mRNA levels or function. These strategies would capture most mutations but are unlikely to reduce the cost of finding a mutation at present.
Laboratories offering DNA testing for FBN1 mutations in Australia can be found in the Royal College of Pathologists of Australasia Catalogue of Genetic Tests and Laboratories 20 and a list of worldwide laboratories is also available. 21 When a diagnosis of Marfan syndrome is suspected, the initial clinical evaluation should include cardiovascular, skeletal and ocular examination and assessment of family history. The need for DNA testing and the nature of that testing can be best determined after consultation with a clinical geneticist who will liaise with the laboratory and provide appropriate counselling.
A DNA variant identified in an affected person may or may not be the cause of the condition. In assessing this possibility, the following considerations are important:
• Has the DNA change been seen before in a patient with Marfan syndrome or in members of the patient's family? Mitral valve prolapse 1 * Many of these features are also illustrated in a previous clinical update. 1 † The thumb sign is positive when the entire distal phalanx of the adducted thumb extends beyond the ulnar border of the palm with or without the assistance of the patient or examiner to achieve maximal adduction. The wrist sign is positive when the tip of the thumb overlaps the entire fingernail of the fifth finger when wrapped around the contralateral wrist.
1,3 ‡ For white adults, an upper segment to lower segment ratio of < 0.85; for black adults, < 0.78; for children, < 1 at 0-5 years, < 0.95 at 6-7 years, < 0.9 at 8-9 years and < 0.85 at > 10 years. § For adults, a ratio of arm span to height > 1.05. From Loeys et al. 3 Reproduced with permission.
◆
• What is the frequency of the DNA change in the general population? Variants that are also found in phenotypically normal individuals are unlikely to be causative.
• Does the DNA change segregate with the disease in the family? A causative mutation should be found in all affected individuals and be absent in their unaffected relatives.
• Would the DNA change alter an amino acid in the protein? If so, is the affected amino acid highly conserved?
• Would the DNA change result in premature termination of the protein resulting from replacement of an amino acid codon with a stop codon (so that protein synthesis terminates at that point) or a frame shift (when bases are deleted or inserted in numbers that are not multiples of three)?
• Is a large segment of the DNA (or the whole gene) deleted?
Once a putative causative mutation has been identified, family members can be screened to see who has the same mutation. Where no causative variant is found, it may be possible to use a haplotype that includes genetic variants within and close to the FBN1 allele (and also the disease mutation) as a marker for the disease mutation, provided there are at least six informative individuals in the family to confirm linkage. 3 
Marfan syndrome and pregnancy planning
Where one member of a couple has Marfan syndrome, involvement of genetic counselling services can ensure that appropriate genetic testing is available to plan pregnancies. Where the family has not yet been evaluated, a mutation must first be identified in the index case, and this takes about 2 months. 20 Once the mutation is known, testing of embryos or fetuses can be done quickly. This allows testing of the offspring through amniocentesis, chorionic villus sampling or after in-vitro fertilisation (when a cell of the embryo can be tested before implantation). However, the phenotype in Marfan syndrome is very variable. Some genotype-phenotype correlations have been documented. For example, mutations in central exons tend to be associated with severe Marfan syndrome while mutations at the C-terminal end of the protein may be associated with ectopia lentis, or with Weill-Marchesani syndrome. Therefore, the nature of the mutation provides some predictive information about the severity, prognosis and quality of life of the person who carries it, but there is considerable variation even for those within a family who carry the same FBN1 mutation. 22 
Effect of new developments on patients with Marfan syndrome
The revised clinical criteria have simplified the diagnosis of Marfan syndrome by removing subjective criteria and simplifying the assessment of the contribution of signs and symptoms in diverse organ systems. Additional advances in technology and understanding of Marfan syndrome and related conditions will affect patients in a number of ways. As mutation screening and testing become more prevalent, at-risk individuals in families will be identified and appropriate clinical monitoring can be put in place. Although we cannot yet predict the severity of the condition in individual family members, we are beginning to understand the genes that interact with FBN1 and may modify the effect of FBN1 mutation. In the future, DNA analysis of the family of an individual with Marfan syndrome may involve genotyping genes in addition to FBN1. It remains important to assess the families of people with Marfan syndrome in a multidisciplinary clinic so that the differential diagnoses can be fully canvassed and the best possible care and follow-up assured.
